respectively. The expression of these receptors in nonneuronal cells has shown them to be negatively coupled to cAMP formation. mGluRs linked to PI hydrolysis desensitize in response to a prolonged or repetitive stimulation with agonists. 
Figure 1. DHPG-Induced Release Facilitation in Nerve Terminals Undergoes Desensitization and Discloses Release Inhibition
The modulation of glutamate release by group I mGluRs was determined after a first stimulation of the receptors with the agonist DHPG (100 M) ([A], time 0). Synaptosomes preexposed to DHPG (100 M) for 1 min were washed and then rechallenged with the agonist 5 (B) and 30 (C) min after the first stimulation. In the experiments testing the release facilitation, DHPG (100 M) was added 5 sec prior to depolarization of the nerve terminals with 50 M 4-AP in the presence of arachidonic acid (2 M). The inhibition of release by DHPG (100 M) was estimated in nerve terminals depolarized with 1 mM 4-AP. (D) shows the release modulation in nerve terminals first stimulated with DHPG in the presence of 2 mM MCPG. In (E), synaptosomes were preexposed to 100 M DHPG in the presence of 2 mM MCPG, and after washing, a second pulse of DHPG was applied 5 min after the first one. The results are the average from 3-5 preparations of nerve terminals. induced a 2-fold enhancement of glutamate release Figure 1E ) and no inhibition of the maximal response (96% Ϯ 3%, n ϭ 3; Figure 1E ). These data indicate that evoked by a submaximal stimulus of 4-AP (224% Ϯ 16%; mean Ϯ SD, n ϭ 5; Figure 1A ). In contrast, DHPG the facilitation of glutamate release by mGluRs may be desensitized, revealing an inhibitory response, and that did not alter the release evoked by maximal 4-AP stimulation (106% Ϯ 13%, n ϭ 3; Figure 1A ). To determine this desensitization may be reversed in a time-dependent manner. whether the group I mGluR involved in the facilitation of glutamate release undergoes desensitization, hippoTo determine whether the dual action of group I mGluRs on the control of glutamate release observed in hippocampal nerve terminals were exposed to the agonist DHPG (100 M) for 1 min, and after washing, they were campal nerve terminals is relevant to synaptic transmission, we performed experiments in hippocampal slices. further exposed to a second pulse at different time intervals. A second pulse of DHPG shortly after the first Excitatory postsynaptic currents (EPSCs) were evoked by electric shocks in the Schaffer collaterals and restimulation failed to enhance glutamate release (5 min; 106% Ϯ 22%, n ϭ 3; Figure 1B ), indicating that this corded at Ϫ60 mV from identified CA1 pyramidal cells. The amplitude of the EPSCs was rapidly and markedly facilitatory action of DHPG was completely desensitized. Interestingly, the desensitization of the facilitatory reduced by perfusion of 100 M DHPG (to 16.1% Ϯ 3.5% of the control, n ϭ 8 neurons from 5 slices [room response revealed the ability of the agonist to inhibit the release of glutamate evoked by a high concentration temperature]; Figure 2A ). This DHPG-induced inhibition of synaptic transmission did not show any fading over of 4-AP (62% Ϯ 16%, n ϭ 6; Figure 1B ). Thirty minutes after the first stimulation, the ability of the agonist to the duration of the 4 min exposure to the mGluR agonist. The amplitude of the EPSC was partially recovered durpotentiate the release was recovered (236% Ϯ 7%, n ϭ 3; Figure 1C ), and this inhibitory action lost (105% Ϯ ing the 3 min period allowed for washing. Previous studies of synaptic transmission in CA1 have also shown a 2%, n ϭ 3; Figure 1C ). The incubation of nerve terminals with the mGluR antagonist (S)-␣-methyl-4-carboxyphesustained inhibition during prolonged (5-10 min) exposure to the group I mGluR agonists (Baskys and Manylglycine (MCPG) (2 mM; Hayashi et al., 1994) abolished not only the facilitation of glutamate release induced by lenka, 1991; Gereau and Conn, 1995; Manzoni and Bockaert, 1995). It was apparent that hippocampal slices DHPG (96% Ϯ 4%, n ϭ 3; Figure 1D ) but also prevented the desensitization response. Accordingly, nerve termiresponded to DHPG much like nerve terminals that had been preexposed to this mGluR agonist (see Figure 1B) . nals stimulated by DHPG within a 5 min interval showed a facilitation of glutamate release (236% Ϯ 7%, n ϭ 3;
This suggests that the desensitization of the facilitatory effect may already have occurred in the slice. To test consistent with that required for hippocampal nerve terminals to recover from desensitization and to recover this possibility, hippocampal slices were preincubated with the mGluR antagonist MCPG to prevent any tonic the facilitatory activity of the receptors (compare with Figure 1 ). activation of mGluRs by endogenous glutamate. In MCPG-treated slices, DHPG potentiated the EPSC amplitude by 30% (129.8% Ϯ 6.1% of the control, n ϭ 9
Tonically Increased [Glu] o Causes the Switch from Facilitation to Inhibition from 9 different slices; p Ͻ 0.05, Student's t test; Figure  2B ). However, this potentiation was transient and was A likely explanation for the lack of facilitatory responses in synaptic transmission in untreated hippocampal slices followed by a decay of the EPSC amplitude until it reached a constant value (36.7% Ϯ 4.5% of the control is that the PI-coupled mGluRs were tonically activated by the ambient concentration of glutamate. To further value, n ϭ 9; Figure 2B ). Figure 3A shows another set of experiments in which the addition of DHPG to MCPGtest this possibility, we exposed nerve terminals to elevated ambient concentrations of glutamate. This was treated slices consistently resulted in a transient facilitatory response. In these same neurons, after a 2 min achieved by attenuating the electrical component of the Na ϩ -electrochemical gradient used by glutamate transperiod of agonist washing, a second addition of DHPG did not facilitate transmission but rather decreased it, porters by slightly increasing the concentration of K ϩ (Kanner, 1983). At basal KCl concentration, hippocamindicating that the facilitatory action of receptor stimulation had not been recovered. The recovery of the facilitapal nerve terminals maintained a [Glu] o of 1.0 Ϯ 0.3 M (n ϭ 10; Figure 4A ). Under these conditions, DHPG tory response required the further incubation with MCPG of at least 30 min ( Figure 3B ), a time remarkably facilitated glutamate release to 250% Ϯ 16% (n ϭ 5), . It is well established that a change in M with no change in the 31ЊC, a situation in which the glutamate uptake activity is expected to be facilitated. Under this more physiological variance of the synaptic response denotes that only the quantal size has been modified and that it is a purely condition and without preincubation with MCPG, DHPG produced a facilitation of synaptic transmission folpostsynaptic mechanism. In contrast, if a change in the variance correlates with the change in M, it is indicative lowed by the typical inhibition in five out of seven cells studied. In these five cells, the synaptic response was of the presynaptic modification of release parameters (reviewed by Thomson and Deuchars, 1995) . As can be increased to 128.4% Ϯ 1.3% of the control upon DHPG inclusion (three slices; Figure 4D ). In the seven cells seen in Figure 5B , the variation in mean EPSC amplitude observed during the exposure to DHPG (both the initial observed, the response decreased over time, reaching a value of 34.7% Ϯ 7.9% of the control ( Figure 4D ). These increase and the subsequent decrease) was paralleled in most cases by an equivalent change in 1/CV 2 , indicatresults further indicate that at 31ЊC, the extracellular concentration of glutamate is more efficiently controlled ing a presynaptic locus for the observed modulation of synaptic transmission. by the uptake systems (e.g., Asztely et al., 1997), preventing receptor desensitization. Indeed, at this temperTo further verify whether the modulation of synaptic transmission induced by the activation of mGluRs had ature, the prevention of receptor activation by including MCPG prior to DHPG did not notably alter this phea presynaptic origin, we studied the spontaneous release of glutamate, since the frequency of miniature nomenon, since the synaptic response initially rose to 124.2% Ϯ 9.9% and then decayed to 39% Ϯ 14% of EPSC (mEPSC) is an accurate indicator of whether the release probability is changed by a given treatment. TTX the control (n ϭ 4; Figure 4E ). Figure 5D ). In one cell out of the four cells studied, the inclusion of DHPG initially increased the frequency mained, n ϭ 5; Figure 6B ). These results indicate that the DHPG-induced facilitation of glutamate release is 3-fold ( Figure 5C ). Since this was unusual, this cell was not considered when calculating the average. Remarktotally dependent on a PTx-sensitive G protein coupled to PI hydrolysis and that the subsequent activation of ably, the magnitude of DHPG-induced changes in miniature frequency agreed well with the extent of facilitation PKC is required. Moreover, the inhibitory phase was also largely dependent on this signaling pathway, as was and inhibition of evoked EPSCs induced by DHPG (cf. Figure 2B) . demonstrated by the normal development of DHPGinduced inhibition (70.5% Ϯ 4% of inhibition, n ϭ 4; Figure 6Ab ) in slices treated with PTx following a brief The Role of PKC Activation In synaptosomes, the hydrolysis of PI and PKC activity activation of PKC by a short application of a phorbol ester (PDBu; 0.5 M; Figure 6Ab ). This result strongly has been previously demonstrated to be involved in the modulation of glutamate release induced by DHPG. To indicates that PKC activation is also required for establishing the final degree of inhibition. In contrast, the gain insight into the mechanisms involved in facilitation and inhibition of synaptic glutamate release, we first protein kinase A (PKA) signaling system seems to be not involved in the DHPG-mediated modulation of glutalooked at evoked EPSCs after poisoning the hippocampal slices with Pertussis toxin (PTx; 5 g/ml, 5 hr at mate release, since the inhibition of PKA by the addition of H-89 (0.5 M, 1-2 hr incubation) did not prevent either 37ЊC). Under these conditions, the addition of DHPG after MCPG directly reduced the EPSC amplitude, withfacilitation (126.1% Ϯ 4.5%, n ϭ 4 neurons from 2 slices) or inhibition (50.4% Ϯ 6.6%) (data not shown). out any evidence of the early increase observed in untreated slices (Figure 6Aa ). In addition, the degree of reduction was significantly attenuated, as the response Group III mGluRs Do Not Undergo a Functional Switch was 59.8% Ϯ 6.2% (n ϭ 7) of control (i.e., 40% inhibition) in PTx-treated slices, whereas it was 34.7% Ϯ 7.9% of Pharmacological and immunocytochemical studies have demonstrated the presence of group III mGluRs in control in untreated slices (i.e., ‫%56ف‬ inhibition; p Ͻ
0.05, Student's t test). Similar results were obtained by
Schaffer collateral CA1 synapses, where they serve as autoreceptors to depress synaptic transmission by reinhibiting phospholipase C (PLC) (53% Ϯ 2.2% of control, n ϭ 4; p Ͻ 0.1) with the specific antagonist U-73122 ducing glutamate release (Gereau and Conn, 1995; Bradley et al., 1996). To determine whether or not group (20 M, 1-2 hr incubation; Figure 6B ). The specificity of this effect was further evaluated by using the inactive III mGluRs undergo the functional modulations observed for group I mGluRs, we studied the effects of the group analog U-73343 (20 M, 2 hr incubation), which did not temperatures, the glutamate uptake systems are more (Hille, 1992; Zamponi and Snutch, 1998) . This implies that the receptor uncouples from receptors seems to involve protein kinase-dependent phosphorylation, which results in the uncoupling of the one signaling pathway (i.e., facilitatory) and becomes coupled to another (i.e., inhibitory). It is important to receptor from the response pathway (reviewed by Huganir and Greengard, 1990). In nerve terminals from the note that at the present time, the existence of two separate mGlu receptors mediating each effect could not cerebral cortex, stimulation of group I mGluRs generates DAG and facilitates glutamate release in a PKC-depenbe totally excluded. However, a similar mechanism has been proposed for ␤ 2 -adrenergic receptors, which upon dent manner (Herrero et al., 1994, 1998) . However, under the continuous presence of the agonist, the DAG pro-PKA-dependent phosphorylation, switch the coupling from G S to G i proteins, initiating a new set of signaling duction faded within 2-3 min. This phenomenon is mimicked by phorbol esters and prevented by staurosporine, events (Daaka et al., 1997). It is worth noting that following this scheme, the indicating that the desensitization of this response is mediated by PKC (Herrero et al., 1994, 1998) . Consistent mGluR needs to be phosphorylated by PKC to become coupled to the inhibitory pathway. This means that the with these biochemical data, our experiments indicate that the facilitation of synaptic transmission induced DHPG-induced inhibition of glutamate release must be dependent on PKC activation. Consequently, the inhibiby group I mGluR stimulation is dependent upon the activation of PLC by a PTx-sensitive G protein and its tion of PKC must block not only DHPG-induced facilitation but also inhibition. In slices treated with the specific subsequent action on PKC. Hypothetically, phosphorylation of the receptor by PKC could induce the desensiti-PKC inhibitor calphostin C, facilitation was abolished, and the inhibition was largely prevented ‫%03ف(‬ of inhibization. In keeping with this assumption, a recent study has shown that recombinant mGluR5 receptors desensition remained). The lack of complete suppression of the inhibitory phase may be explained in multiple ways, tize in response to a rather brief (1 min) exposure to including the incomplete block of PKC by 1 M calphosto inhibit further glutamate release. The latter effect may be particularly important in preventing an excessive actin C or the existence of a small population of mGluRs that were in a steady state phosphorylation (i.e., a fraccumulation of extracellular glutamate as a result of repetitive activity. Thus, the functional properties of the tion of receptors that would be permanently coupled to the inhibitory pathway), which in conjunction with the mGluR illustrated by the present data allow neurons to adjust their synaptic release to the contingencies of loss of PKC-mediated phosphorylation of Ca 2ϩ channels would favor the inhibition of glutamate release. Further the extracellular level of glutamate, providing a double feedback mechanism of control (up-and downregulaevidence supporting this mechanism is that the brief activation of PKC in PTx-treated slices totally restored tion) of the excitatory synaptic drive. the capacity of DHPG to inhibit glutamate release (Figure 6) .
Experimental Procedures
In several preparations, including the CA1 area from Hayashi, Y., Sekiyama, N., Nakanishi, S., Jane, D.E., Sunter, D.C., could not directly test whether our data fit to a compound binomial Birse, E.F., Udvarhelyi, P.M., and Watkins, J.C. (1994). Analysis of distribution, but synaptic fluctuations were evident in the cells studagonist and antagonist activities of phenylglycine derivatives of dified (see Figure 5) . Thus, we assumed that synaptic release in our ferent cloned metabotropic glutamate receptor subtypes. J. Neuexperimental situation did follow a binomial distribution. Statistic rosci. 14, 3370-3377. analysis and data plotting were done with SigmaPlot (Jandel).
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